Abstract. Two types of host systems for one-dimensional molecular arrangements are considered, namely zeolites containing one-and twodimensional arrays of channels of sub-nanometre dimension and porous silicon with channel diameters in the range of a few nanometres. After a discussion of the potential of zeolites as host systems, in particular for molecular arrangements under the conditions of single-file diffusion and of molecular traffic control, actual diffusion measurements by means of pulsed-field gradient NMR and interference/IR microscopy are shown to reveal substantial differences between the real and ideal zeolite structure. In contrast, porous silicon with onedimensional channel arrays is successfully exploited as a host system allowing the experimental observation of such most important features of molecular confinement like hysteresis in mesoscalic systems and surface diffusion. Thus, the attainable experimental insight offers promising conditions for a comparison of the results with those of the theoretical treatment of the observed phenomena.
Introduction
Over the last few decades, the elucidation of deviations from ordinary diffusion under the influence of confinement has become a fascinating topic of theoretical physics and material sciences [1] . Whilst this field of investigation has been primarily initiated by the intellectual challenge to analyse a vast variety of microdynamic and microstructural models with respect to the resulting patterns of particle migration [2] - [4] , in the last few years an increasing number of experimental techniques [5, 6] have notably contributed to this development.
Essentially, all diffusion experiments may be referred to one of the following two measuring principles, namely the observation of the evolution of particle distribution in space or of the propagation probability of the individual diffusants. The former route is based on a comparison of the experimental data with the solution of the diffusion equation (Fick's 2nd law) with the appropriate initial and boundary conditions, as introduced in Fick's original work one and a half centuries ago [7] . The latter possibility refers the overall phenomenon of diffusion to the random walk of the diffusants, following Einstein's celebrated paper on diffusion in 1905 [8] . Although, clearly, the information provided by the first group of measurements may be used for estimating the propagation pattern of the diffusants, in many cases its direct measurement as permitted by the latter group of techniques is decidedly preferable. This is, in particular, true if deviations from ordinary diffusion are in the focus of the investigations.
Experimental techniques following the trajectories of the individual diffusants may again be classified into two groups, namely single-particle methods [9] - [11] and techniques which provide only the averages over particle ensembles. Obviously, depending on the issue of an experiment, the discriminating feature of the techniques may turn out to be of advantage or disadvantage. If the desired information concerns exclusively an individual molecule, single-particle methods are clearly superior to the ensemble-averaging techniques, while the latter are preferable if one is mainly interested in the probabilities of particle propagation.
Among the ensemble-averaging techniques, quasi-elastic neutron scattering [12, 13] and the pulsed-field gradient (PFG) NMR [14] - [16] methods have attained particular relevance. In contrast to the neutron scattering techniques, whose application is limited to the few places where adequate sources are available, PFG NMR experiments may be performed with essentially all modern NMR spectrometers. In this paper, the options and first results of PFG NMR to study diffusion in essentially one-dimensional molecular arrangements shall be presented and discussed.
Host systems under study

Zeolites
Zeolites are nanoporous crystalline materials offering a large variety in pore architecture. Originally, zeolites have been known only as minerals representing different alumosilicate modifications [17] . However, starting from the 1950s, zeolites have also been artificially synthesized. The last few decades have been characterized by an explosion of new zeolite structure types [18] . Most of them have no natural counterpart. Moreover, instead of or in addition to aluminium and silicon, a substantial number of other elements have been successfully incorporated into the zeolite lattice. A substantial number of the zeolite framework types, such as zeolites ZSM-12, -22, -23, -48, AlPO 4 -5, -8, -11, L, Omega, EU-1 and VPI-5 [17] , dispose of an array of parallel channels with channel diameters typically between 0.5 and 1 nm. As an example, figure 1 shows the crystal structure of a zeolite of type AFI.
Zeolites, thus, appear to have all potentials to serve as ideal host systems for generating one-dimensional arrangements of molecular ensembles. In the special case where the diameters of the guest molecules are close to the channel diameters, mutual molecular exchange within the channels may be excluded. In this case, the ensemble of molecules within the channels represents a single-file system, whose internal dynamics becomes accessible to PFG NMR diffusion studies.
Porous silicon
Alternatively to zeolites, the ordered arrays of non-intersecting channels suitable as host systems for one-dimensional molecular arrangement may also be obtained by a special preparation procedure from single-crystalline silicon wafers [19, 20] . This technique is based on the electrochemical etching (anodization) of single-crystalline (1 0 0)-oriented p-type silicon wafers, with an electrolyte containing HF and C 2 H 5 OH. Channel architecture is a complex function of the wafer resistivity, the electrolyte composition, the anodization current density and the time of its application.
As an example, figure 2 shows the pore-size distribution obtained by NMR cryoporometry [21] - [23] for a typical porous silicon sample, which we have used in our studies, and has been prepared from a silicon wafer with a resistivity of 10 m cm, using an HF/C 2 H 5 OH ratio of 2 : 1, with an anodization current density of 30 mA cm −2 over an anodization time of 75 min.
Consistency checks and experimental results
Zeolites as single-file systems
Decades after Lothar Riekert's pioneering paper [24] titled 'Sorption, diffusion and catalytic reaction in zeolites', where for the first time the conception of single-file diffusion was discussed in the context of zeolitic host-guest systems, [25] initiated widespread activities to correlate single-file diffusion with molecular transport and catalytic conversions in zeolites. In addition to numerous papers dealing with the theoretical treatment of single-file-related phenomena in zeolites by analytical means [26] - [29] , dynamic Monte Carlo [26] , [30] - [32] and MD simulations [33] - [38] , aspects of both molecular migration [39] - [44] and transformation [27] , [45] - [52] have been in the focus of experimental work with zeolites. Being able to monitor the so-called propagator P(x, t), i.e. the probability density of molecular displacements x (order of µm) during a time t (order of ms), PFG NMR was subjected to the particular challenge to verify that under single-file constraint the molecular mean square displacement x 2 (t) increases in proportion to the square root of the observation time t rather than with t itself as characteristic of the case of ordinary diffusion [53] - [55] . Such deviations have in fact been observed [40, 56, 57] .
On interpreting such deviations one clearly has to have in mind that the relation x 2 (t) ∝ t the time dependence of molecular displacements depends on a number of additional parameters, including the position considered in the file, the file length and the nature of the boundary between the margins of the site and the surrounding atmosphere [26, 28, 31] , [53] - [55] , [58] . However, even in [56, 57] where with about 100 µm the size of the used crystals comfortably exceeded the monitored displacements (∼1 µm), the data interpretation implies a perfect crystal structure. In fact, recent investigations of the real structure of zeolite crystals by means of interference microscopy indicated substantial differences between the real crystal habit and their text-book structure [59] - [62] . As an example, figure 3 shows the projection of the equilibrium concentration of methanol in a zeolite CrAPO-5 onto a plane parallel (figure 3(a)) and perpendicular (figure 3(b)) to the crystal axis, resulting from interference microscopy [61, 63] . The structural model deduced from these data (figure 3(c)) is in striking contrast to the text-book assumption, based on the x-ray diffraction data. Instead of resembling a 'bundle of macaronis', the pore system of CrAPO-5 appears to contain channels, which are accessible but on one side. Only the central channels are accessible on both sides. The partial accessibility of the channels results in the non-homogeneous concentration profiles as shown in figures 3(a) and (b).
As a first study of the dynamics of such a system, figure 4 displays the time dependence of the concentration profiles of methanol (strictly speaking, of the concentration integrals in the crystallographic y direction) determined by an interference microscopy. For comparison, also included in figure 4 are the results of dynamic Monte Carlo simulations, were for the sake of simplicity, molecular interaction was taken into account by a simple hard-core interaction. Whilst the dependence of the observed concentration on space may be nicely reflected by this simple model, with increasing time channel filling occurs in reality much more slowly than predicted by the model. This tendency points towards an additional decrease in molecular mobility with increasing concentration.
'Molecular traffic control' in zeolites
At the end of 1970s, with zeolites of structure type MFI a nanoporous material with great potential for zeolite catalysis has been synthesized, whose pore network consists of two different channel types [17] . This invention prompted the idea to enhance the performance of zeolite catalysts by directing the reactant and product molecules along different intracrystalline pathways, namely, along the two different channel types of zeolite MFI [64] . Minimizing or even excluding their mutual hindrance in this way, the overall rate of the respective molecular fluxes should be enhanced, leading to the decrease in any possible transport limitation of the overall process. For describing this mechanism of reactivity enhancement, the term molecular traffic control has been coined. On the other hand, one has to take into consideration that directing different molecules to different channels implies a particular mode of molecular confinement. It is far from trivial to decide under which conditions molecular confinement leads to an enhancement rather than to a moderation of the overall transportation rates. Thus, over two decades, the feasibility of such a procedure has been the topic of controversial discussion [65] - [67] . Only recently, considering mutually intersecting single-file systems as a 
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Figure 4. Intracrystalline concentration of methanol integrated along the y crystallographic direction in CrAPO-5 at different times after the start of the methanol adsorption. The concentration integrals were measured by interference microscopy following the change of the pressure of methanol vapours in the gas phase from 0 to 1 mbar at 295 K and were also obtained by dynamic MC simulations. The profile measured after 4000 s represents the equilibrium concentration profile. τ is the time of one elementary diffusion step used in the simulations.
model system, in some special cases, the benefit of this special type of confinement on the overall reaction rates could be demonstrated by dynamic Monte Carlo simulations [68] - [72] . Meanwhile, analytical methods have been also introduced [73] , whose application is essential for a better understanding and quantitation of the underlying mechanisms. Taking advantage of the similarity of the respective phenomena, these methods have been adopted from the treatment of many-body systems far from equilibrium [74] . Owing to recent progress in zeolite synthesis, besides zeolite MFI in the last few years another structure type has become accessible, which seems to offer even better prospects for the experimental observation of the elementary processes during reactivity enhancement by molecular traffic control. In contrast to MFI where the zeolite particles have been found to be composed of individual crystallites, the zeolite ferrierite (structure type FER) is available as platelets, with two systems of channels with diameters of about 0.4 and 0.5 nm in the plane of the platelet [17] . Thus, interference microscopy [63, 75] with observation direction perpendicular to the plane is ideally suited to monitor the evolution of molecular distributions within the channel systems. Figure 5 displays the profiles of the integrals of intracrystalline concentration of methanol in such a platelet of ferrierite at different times after the start of methanol adsorption. The concentration profiles recorded during molecular uptake obviously do not comply with the patterns to be expected for uptake limitation by two-dimensional diffusion in the plane of the platelet. The most remarkable feature of the roof-like shape of the concentration profile reflects the fact that the thickness of the platelets does not remain constant in the longitudinal (i.e. z) direction. Instead, it increases gradually towards the middle of the crystal, mimicking the shape of the concentration profiles (see crystal drawing in figure 5 ). It is interesting to note that the final shape of the concentration profile is attained essentially after the onset of adsorption. One has to conclude, therefore, that the overall process is limited by external processes (probably the penetration of a surface resistance) rather than by the intracrystalline diffusion. For the establishment of conditions allowing the observation of phenomena related to molecular traffic control, possibilities have to be found under which these external resistances may become negligibly small in comparison with the intracrystalline diffusion.
Hysteresis effects
For materials with a sufficiently large specific surface area, like zeolites and porous silicon as the host systems considered in this communication, NMR spectroscopy offers the unique possibility to measure simultaneously the concentration and the mobility of the guest molecules as a function of the gas-phase pressure [76, 77] . As an example of this type of measurement, figure 6(a) shows the diffusivities and concentrations of cyclohexane in the porous silicon as described in section 2.2. The concentration is indicated as fractions/multiples of a monomolecular coverage of the pore surface. The history-dependence of the adsorption data, i.e. the fact that, in addition to the pressure, the concentration also depends on whether the given pressure has been attained from lower values (on the 'adsorption branch') or from higher values (on the 'desorption branch'), is referred to as hysteresis. In the literature, the different options to refer the macroscopically observable effect of sorption hysteresis to its microstructural/microdynamic origin are controversially discussed [78] - [82] . In the present study, where the pore system consists of narrow cylinders with an essentially uniform diameter (see figure 2) , the possibility that hysteresis is a consequence of the pore-blocking effect during desorption may be ruled out. As an alternative explanation, sorption hysteresis is related to the existence of a metastable state in the pores, similar to the supercooled or superheated liquid in the bulk state. With the diffusivity data of figure 6 , for the first time the effect of sorption hysteresis on molecular diffusion has been investigated [77] , providing a new type of information for elucidating the involved mechanisms. Figure 6 (b) contains a combined representation of figure 6(a), displaying the diffusivity as a function of the sorbate concentration on the adsorption and desorption branches. In addition to cyclohexane, the corresponding data for acetone are also given. As a most remarkable feature, figure 6 , but obtained using porous silicon with 9.6 nm pore diameter.
plotting on sorbate concentration rather than on sorbate pressure notably reduces the difference between the values on the adsorption and desorption branches. This evidence unequivocally shows that for identical molecular concentrations there exist (at least) two different molecular configurations giving rise to the different molecular mobilities. The configurations depend on the history of the particle system. For comparison, figure 7 displays data corresponding to those of figure 6 obtained for porous silicon with notably larger pore diameters. The history dependence of concentration (for a given vapour pressure) and of the diffusivity (for a given pressure and concentration, respectively) is still perceptible but less pronounced than for the smaller pores. Having in mind that so far in zeolites, whose pore diameters are much smaller, the corresponding phenomena could not be observed, molecular hysteresis is thus confirmed to appear as a typical mesoscopic phenomenon as suggested by molecular modelling [83] .
In the next section, we will exploit the information contained in the concentration dependence of the diffusivities. 
Tracing surface heterogeneities
The concentration dependence of the diffusivities displayed in figures 6 and 7 may be easily referred to that of the constituting processes, namely Knudsen diffusion [84, 85] in the free volume and normal diffusion on the inner surface of the channels. Being simply the product p g D g of the relative amount of molecules within the free space and their diffusivity, the former may be quantitatively predicted on the basis of the given vapour pressure and loading [77, 86, 87] . Figure 8 thus, shows the calculated contribution of Knudsen diffusion to the overall diffusivities in the silicon sample with the smaller pore size. In subtracting them from the overall diffusivities, the genuine surface diffusivities may be obtained. Figure 9 shows these surface diffusivities as a function of the relative pore loading. From the respective molecular volumes and pore diameters, a relative loading of θ ≈ 0.5 may be estimated to correspond to a loading of about one monolayer. As a remarkable feature, for both sorbates under study, figure 9 exhibits a most pronounced concentration dependence of the diffusivity. The fact that the diffusivity increases rather than decreases with increasing loading indicates that this dependence is not caused by a mutual molecular hindrance since in this case the reverse behaviour should be observed. Instead, one has to argue that the observed behaviour is a consequence of the guest-host rather than of the guest-guest interaction. In fact, one may imply that any surface heterogeneity tends to direct the first molecules towards the strongest adsorption sites. Consequently, with increasing loading sites with decreasing adsorption energies shall be occupied which results in a steadily decreasing average effective activation energy of diffusion [88, 89] . This supposition is confirmed by the observed temperature dependences as shown in figure 10: in complete agreement with the predicted behaviour, the slope of the Arrhenius plots of the diffusivities decreases with increasing loading. 
Conclusions
Some options and the accessible information of experimental diffusion studies with onedimensional molecular arrangements have been considered. According to their text-book structure, zeolites appear to be ideal host systems, potentially even enabling the formation of single-file systems. As a particular merit of the diffusion experiments, notably of PFG NMR and interference/IR microscopy, performed with these systems, significant deviations of their real structure from the text-book pattern became obvious. Thus, experimental diffusion work has initiated the search for novel routes of zeolite synthesis to comply with the requirements for ideal host systems.
In contrast to zeolites, porous silicon wafers proved to serve as an ideal host for molecules in arrays of parallel channels. With typical channel diameters of a few nanometers and more, however, the formation of single-file arrangements with molecules easily accessible by PFG NMR turns out to be more complicated, thus leaving a task for the future. Instead, in the present study, we have benefited from the quasi-one-dimensional arrangement in investigating two further features of molecular diffusion under confinement, namely the investigation of the history dependence of molecular dynamics in mesoscalic systems and of molecular diffusion on surfaces. In the hysteresis studies, this benefit was caused by the fact that the chosen host systems allowed the utmost possible homogeneity of a porous system, in particular, with respect to the radii of the meniscus at the interface between the gaseous and liquid phases. Thus, any substantial influence of structural heterogeneity on the experimental data could be excluded.
For the study of surface diffusion, the considered architecture was crucial for attaining conditions under which a reliable distinction between the constituents leading to the observable overall diffusivities and, hence, an unambiguous determination of surface diffusivities becomes possible. To our knowledge, by taking advantage of the special properties of the one-dimensional systems under study, these two features of molecular dynamics under confinement have for the first time become directly experimentally observable. The discussion of the experimental results in terms of theoretical approaches to the observed phenomena by either analytical models or molecular simulations remains as a challenging task for the future.
